Introduction
============

Graphene is a monolayer of carbon atoms composed of sp^2^-hybridized carbon atoms tightly packed into a two-dimensional honeycomb structure. Interest in graphene among several other nanomaterials is rapidly growing in the field of nanotechnology, including in the fields of nanomedicine, regenerative medicine, and biomedical applications. Graphene possesses unique and exceptional physical and chemical properties such as high electrical conductance, high fracture strength, thermal conductivity, mechanical strength and stiffness, unique optical properties, extreme chemical stability, fast mobility of charge carriers, large surface area, elasticity, biocompatibility, cytocompatibility, and degradability.[@b1-ijn-11-6635]--[@b8-ijn-11-6635] Besides these characteristics, graphene has other fascinating properties, including high tunable amphiphilicity, photoconversion efficiency, excellent drug loading capacity, flexibility in size, and low cytotoxicity used for nanomaterial-based biomedical applications such as cancer and stem cell therapies.[@b1-ijn-11-6635]--[@b12-ijn-11-6635]

Recently, both graphene oxide (GO) and reduced graphene oxide (rGO) have been used in several biomedical applications.[@b13-ijn-11-6635] GO can be prepared in bulk quantities through extensive oxidation/exfoliation of graphite.[@b14-ijn-11-6635] On the other hand, rGO presents enhanced optical, electrical, and biological properties compared to GO; therefore, the use of rGO has immensely increased. Various methods have been developed, including physical, chemical, and biological approaches, to reduce GO to rGO. Although chemical methods are simple, they require the use of strong reducing agents like hydrazine, of which the trace residue may strongly decrease the performance of rGO-based devices and be harmful to living organisms.[@b13-ijn-11-6635],[@b15-ijn-11-6635],[@b16-ijn-11-6635] Moreover, chemically reduced rGO shows limited solubility as well as formation of irreversible agglomerates during preparation in water and most organic solvents.[@b17-ijn-11-6635] To replace chemical reducing agents, many environmentally friendly and biocompatible reductants have been developed and used for the reduction of GO, including vitamins,[@b18-ijn-11-6635] amino acids,[@b19-ijn-11-6635] reducing sugars,[@b20-ijn-11-6635] tea,[@b21-ijn-11-6635] lysozyme,[@b22-ijn-11-6635] melatonin,[@b23-ijn-11-6635] humanin,[@b24-ijn-11-6635] bacteria,[@b25-ijn-11-6635]--[@b27-ijn-11-6635] fungi,[@b6-ijn-11-6635] plant extracts,[@b16-ijn-11-6635],[@b28-ijn-11-6635] as well as enhanced green fluorescent protein (EGFP)[@b29-ijn-11-6635] and a polyphenol compound, resveratrol.[@b30-ijn-11-6635]

The nanotoxicity of graphene and GO with different sizes, shapes, composition, and surface functionalization has been studied in various cell lines. Exposure of human neuronal cells (PC12 cells) to different sizes of rGO caused an increase in the activation of caspase-3, release of lactate dehydrogenase, and generation of reactive oxygen species (ROS).[@b31-ijn-11-6635] The cell viability of human lung cells (BEAS-2B) exposed to graphene was significantly decreased in a concentration-and time-dependent manner.[@b32-ijn-11-6635] Exposure of PC12 cells to grapheme resulted in mitochondrial injury that was dose and shape dependent.[@b31-ijn-11-6635] Exposure of blood platelets to rGO caused a strong cumulative response and extensive pulmonary thromboembolism[@b33-ijn-11-6635] and, similarly, exposure of alveolar macrophages and epithelial cells to grapheme generated ROS and led to inflammation, apoptosis, and an increased rate of mitochondrial respiration.[@b34-ijn-11-6635] Our previous studies showed that both GO and rGO induced oxidative stress-mediated cell death in various cell lines, including human breast cancer cell lines MDA-MB-231[@b28-ijn-11-6635] and MCF-7,[@b5-ijn-11-6635] and human ovarian cancer cell line A2780.[@b30-ijn-11-6635]

The toxicity of graphene and GO hinders their application in various areas. To minimize toxicity and increase biocompatibility, several approaches have been developed in many laboratories.[@b35-ijn-11-6635] However, the toxicity versus biocompatibility depends on several physicochemical properties, including lateral size, shape, thickness, stiffness, and surface properties,[@b36-ijn-11-6635] the concentration and time of exposure to cells, dispersibility, and the mode of exposure.[@b37-ijn-11-6635] Among these, surface functionalization is essential to determine the toxicity or biocompatibility of the compound. For example, Singh et al[@b38-ijn-11-6635] proved that the biocompatible effect of amine-modified graphene on platelets was likely due to the modification of the surface charges. Aggarwal et al[@b39-ijn-11-6635] demonstrated that PEGylation was another alternative process to modify nanomaterials to reduce nonspecific protein adsorption, preventing flocculation and opsonization as well as the subsequent complement activation. Besides PEGylation, chemical functionalization, or polymer modifications, biological reducing agents have been explored for the development of biocompatible materials using the presence of capping functionalities on the graphene surface.[@b39-ijn-11-6635] Our recent studies suggested that using biological molecules as reducing agents could enhance the biocompatibility of graphene. For instance, rGO synthetized by using trimeth-ylamine and microbial and spinach leaf extracts showed significant biocompatibility with primary mouse embryonic fibroblast cells (MEFs),[@b16-ijn-11-6635] and EGFP-mediated reduction of GO showed excellent biocompatibility with human embryonic kidney 293 cells.[@b29-ijn-11-6635] Studies from intraocular indicated that GO had significant biocompatibility with minimum effects on cell morphology, cell viability, membrane integrity, and apoptosis.[@b40-ijn-11-6635] Glucose-functionalized graphene was biocompatible with higher photothermal therapy.[@b15-ijn-11-6635] GO presented dose-dependent cytotoxicity in human umbilical vein endothelial cells compared to rGO. No toxicity was observed when cells were exposed to doses \>100 μg/mL of functionalized rGO.[@b41-ijn-11-6635] The water-soluble oxidized graphene nanoribbons mixed with PEG-DSPE (1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[amino(polyeth ylene glycol)\]) showed significantly different cytotoxic profile compared to graphene nanoparticles.[@b42-ijn-11-6635] The effects of various two-dimensional graphene nanostructures such as graphene nano-onions, graphene oxide nanoribbons, and graphene oxide nanoplatelets on cell viability and differentiation were evaluated with human mesenchymal stem cells. The results indicated that the cytotoxicity of the two-dimensional graphene nanostructures was dose dependent, not time dependent when the concentration was \<50 μg/mL.[@b43-ijn-11-6635] Lalwani et al[@b44-ijn-11-6635] extensively reviewed the toxicological perspectives of graphene both in vitro and in vivo, with a specific focus on the complex interplay of biological responses to graphene.

Because of its excellent properties, graphene has been explored in the area of regenerative medicine. Graphene and its derivatives were used as nanoplatforms for promoting cell proliferation, cell adhesion, and differentiation of various embryonic stem cells (ESCs).[@b45-ijn-11-6635] Although several studies showed the biocompatibility of graphene using different biological models, only few studies reported the biocompatibility of rGO-assisted biomolecules in MEFs to date. In this study, we explored a novel biological molecule called nicotinamide (NAM), a water-soluble amide form of niacin (vitamin B3) involved in energy metabolism. NAM presents antioxidative properties in various types of eukaryotic cells. Therefore, in this study, we utilized this new biomolecule for the synthesis of graphene in potato sprout extracts. The biocompatibility of the resulting rGO was evaluated in MEFs. MEFs could form a link between mesenchymal cells and ESCs because of their ES-like features, in concurrence to developmental hierarchy and the multipotential nature, and are widely used as feeder cells to support the growth of ESCs.[@b46-ijn-11-6635] The objective of this study was to synthesize and characterize the graphene derivative from potato sprout extracts and to investigate the biocompatibility of the resulting rGO with primary MEFs.

Materials and methods
=====================

Materials
---------

NAM, penicillin--streptomycin solution, trypsin--EDTA solution, Dulbecco's Modified Eagle's Medium (DMEM), RPMI 1,640 medium, and 1% antibiotic--antimycotic solution were obtained from Life Technologies/Gibco (Grand Island, NY, USA). Polyethylene, fetal bovine serum, and the in vitro toxicology assay kit were purchased from Sigma-Aldrich (St Louis, MO, USA). Graphite powder, NaOH, KMnO~4~, NaNO~3~, anhydrous ethanol, 98% H~2~SO~4~, 36% HCl, 30% H~2~O~2~ aqueous solution, and all other chemicals were purchased from Sigma-Aldrich unless otherwise stated. Cell viability assay WST-8, ROS assay kit, 2′,7′-dichlorofluorescin diacetate, and lactate dehydrogenase (LDH) Cytotoxicity Detection Kit were purchased from Dojindo, Sigma, and Takara (Tokyo, Japan), respectively.

GO synthesis, reduction, and characterization
---------------------------------------------

GO was synthesized as described previously with modifications.[@b14-ijn-11-6635],[@b30-ijn-11-6635],[@b47-ijn-11-6635] The reduction of GO was accomplished as described earlier.[@b28-ijn-11-6635],[@b30-ijn-11-6635] Briefly, NAM-rGO was obtained from the reaction of NAM with GO. In a typical reduction experiment, 10 mL NAM (1 mM) was added to 90 mL of 1.0 mg/mL aqueous GO. The mixture was stirred at 40°C for 6 hours. Subsequently, using a magnetostirrer heater, the rGO suspension was stirred at 400 rpm at a temperature of 30°C for 30 minutes. A homogeneous NAM-rGO suspension was obtained without aggregation. The obtained material was washed with distilled water several times to remove the excess NAM residue and redispersed in water by sonication. The suspension was centrifuged at 5,000 rpm for 30 minutes. The final product was collected by vacuum filtration and was vacuum dried. GO and NAM-rGO were characterized according to the methods described previously.[@b28-ijn-11-6635],[@b30-ijn-11-6635],[@b47-ijn-11-6635]

Cell viability and cytotoxicity assay
-------------------------------------

MEF-1 cells were obtained from Sigma-Aldrich. The cell viability and LDH and ROS generation assays were performed as described previously.[@b5-ijn-11-6635],[@b28-ijn-11-6635],[@b30-ijn-11-6635] Briefly, 1×10^4^ cells/well were seeded in a 96-well plate and cultured in DMEM supplemented with 10% fetal bovine serum at 37°C in 5% CO~2~. The cells were washed twice with 100 μL of serum-free DMEM and incubated with different concentrations of GO and NAM-rGO (0--50 μg/mL). After 24 hours of exposure, the cells were washed twice with serum-free DMEM, and then 100 μL/well of serum-free DMEM was loaded into each well and 15 μL/well of WST-8 solution was added to every well. After 1 hour of incubation at 37°C with 5% CO~2~, 80 μL/well of the mixture (WST-8 and DMEM) was transferred to a new 96-well plate and the absorbance was measured at 450 nm using a microplate reader.

The membrane integrity of MEFs cells were evaluated according to the manufacturer's instructions by LDH Cyto-toxicity Detection Kit (Takara). Briefly, cells were exposed to various concentrations of GO or NAM-rGO for 24 hours, then the cell-free supernatant was transferred into a 96-well plates (100 μL/well) and 100 μL of the LDH reaction mixture was added to each well. After 3 hours of incubation under standard conditions, the optical density of the solution was determined using a microplate reader at 490 nm wavelength. Three independent experiments were performed in triplicate.

ROS were estimated according to a method described previously.[@b5-ijn-11-6635],[@b28-ijn-11-6635],[@b30-ijn-11-6635] The cells were seeded into a 24-well plate at a density of 5×10^4^ cells/well and cultured for 24 hours. After washing twice with phosphate-buffered saline (PBS), fresh media containing respective concentrations of GO and NAM-rGO were added and the mixtures incubated for 24 hours. The cells were supplemented with 20 μM DCFH-DA and then incubated for 30 minutes at 37°C. The cells were rinsed with PBS once, 2 mL of new PBS solution was added to each well, and the fluorescent intensity was determined using a spectrofluorometer (Gemini EM) with excitation at 485 nm and emission at 530 nm.

Cell proliferation assay
------------------------

Cell proliferation was evaluated using the trypan blue assay as described earlier.[@b5-ijn-11-6635] PMEF cells were plated in 6-well plates (1×10^5^ cells/well) and incubated for 24 hours. GO or NAM-rGO (10 μg/mL) was added and the cells were incubated for 5 days. Cells cultured in the medium without Go or NAM-rGO were used as controls. Twenty-four hours later, cells were detached with 300 μL trypsin--EDTA solution and both adherent and cells in suspension were collected. The mixture of the supernatant and detached cells was centrifuged at 1,200 rpm for 5 minutes. The pellet was mixed with 700 μL of trypan blue solution. After 5 minutes of staining, cells were counted using a cytometer. The viable cells were unstained, whereas dead cells were stained in blue. Three independent experiments were performed in triplicate. The mean and standard deviation were calculated. Cell proliferation was expressed as the percentage of viable cells.

Mitochondrial membrane potential (MMP)
--------------------------------------

The MMP was measured according to manufacturer instructions (Molecular Probes, Eugene, OR, USA) as described previously[@b48-ijn-11-6635]--[@b50-ijn-11-6635] using a cationic fluorescent indicator JC-1 (Molecular Probes). Ovarian cancer cells and OvCSCs were incubated with 10 μM JC-1 at 37°C for 15 minutes, washed with PBS, resuspended in new PBS solution, and then the fluorescence intensity was measured. MMP was expressed as the ratio of the fluorescence intensity of the JC-1 aggregates to that of monomers.

Real-time qRT-PCR
-----------------

Total RNA was extracted from cells treated with GO and NAM-rGO using an Arcturus PicoPure RNA isolation kit (EBioscience, San Diego, CA, USA) according to the manufacturer's instructions. RNA was reverse transcribed into cDNA using Reverse Transcription Kit (Roche, Basel, Switzerland) in a final volume of 20 μL according to the manufacturer's instructions. The quantification of gene transcripts (*Tjp1*, *Cldn3*, *Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b*) was carried out in triplicate by real-time qRT-PCR using Lightcycler^®^FastStart DNA Master SYBR Green I by an ABI Applied Biosystems machine. The primer sequences for each gene are as follows: *Tjp1* (5′-CCTGTGAAGCGTCACTGTGT; 3′-CGCGGAGAGAGACAAGATGT), *Cldn3* (5′-GCAA GCAGACTGTGTGTCGT; 3′-TACCGTCACCAC TACCAGCA), *Actr2* (5′-GCTGGGAAGATGTGTTCTGG; 3′-GAACCATGGACAGCCAGG), *Actr3* (5′-TGGCA ATACATGATGGGATG; 3′-GCCTGTGTGGTG GACTGTG), *Tuba1a* (5′-CTGTGGAAAACCAAGAAGCC; 3′-CACTACACCATTGGCAAGGA), *Tuba1b* (5′-AG TAGAGCTCCCAGCAGGC; 3′-TCTCACCCTC GCCTTCTAAC), *ALPP* (5′ GCTGGCAGTGGTCAGA TGTT 3′ CTATCCTGGCTCCGTGCTC), *GAPDH* (5′ AATCCCATCACCATCTTCCAG, 3′ AAATGAGCCC CAGCCTTC).

The real time gene expression was quantified and ana-lyzed by real-time qRT-PCR method. Target gene expression levels were normalized to *GAPDH*, which was unaffected by NAM-rGO treatment. Real-time qRT-PCR was performed independently in triplicate for each sample and the data were presented as the mean values of the gene expression levels measured in the NAM-rGO-treated samples versus the controls.

Alkaline phosphatase (ALP) activity
-----------------------------------

ALP activity was measured according to a method described earlier.[@b6-ijn-11-6635] MEF cells were cultured in 48-well culture dishes at a density of 5×10^3^ cells/well and cultured for 5 days. Then, medium was replaced with treatment medium, which was DMEM containing 5% serum plus GO or NAM-rGO. After 5 days, the ALP activity was measured according to the manufacturer's instructions (QuantiChrom™ DALP-250 Alkaline Phosphatase Assay Kit; Gentaur, Aachen, Germany).

Statistical analyses
--------------------

All assays were conducted in triplicate, and each experiment was repeated at least three times. The results are presented as mean ± standard deviation. All experimental data were compared using Student's *t*-test. A *P*-value \<0.05 was considered statistically significant.

Results
=======

Synthesis and characterization of NAM-rGO
-----------------------------------------

GO was prepared using graphite powder by a modified Hummers' method. The prepared GO showed a characteristic UV--vis absorption spectrum at 230 nm, characterized by the π--π\* of the C=C plasmon peak about 230 nm and a shoulder about 300 nm, which is often attributed to n--π\* transitions of the carbonyl groups,[@b47-ijn-11-6635],[@b51-ijn-11-6635] whereas reduced GO by NAM showed a peak at about 260 nm ([Figure 1A](#f1-ijn-11-6635){ref-type="fig"}). The electronic conjugation was restored after reduction, indicated by the red shift of the peak. It suggests that the GO could be reduced by NAM and the aromatic structure might be gradually restored. Similar findings have been observed using several biological materials as reducing agents.

The X-ray powder diffraction (XRD) patterns of pure GO and NAM-rGO are shown in [Figure 1B](#f1-ijn-11-6635){ref-type="fig"}. After oxidation of graphite, the 002 reflection peak of GO was shifted to the lower angle at 2θ =11.70° (corresponding to a *d*-spacing of 0.76 nm), compared to the typical peak of pristine graphite exhibited at 2θ =26.6° (*d*-spacing =0.335 nm), indicating that the *d*-spacing was increased due to the intercalation of oxygen functionalities in between the basal plane of the graphite. Interestingly, the 002 reflection peak disappeared in the reduced graphene. After reduction by NAM, the broad peak was observed at 2θ about 26.2°, indicating the presence of stacked graphene layers. This is an indication for the formation of a few layers of graphene.

Fourier transform infrared (FTIR) spectroscopy was performed to determine the biologically mediated reduction of GO. As shown in [Figure 1C](#f1-ijn-11-6635){ref-type="fig"} (top panel), the interesting peaks were observed in the spectrum of GO at 3,443 and 1,067 cm^−1^, due to the presence of O--H stretching vibration. The peak at 1,734 cm^−1^ is attributed to C=O bonds in carboxylic acid and carbonyl moieties, and 1,179 and 850 cm^−1^ for asymmetric stretching and bending of --C--O--C--(epoxy) vibrations, respectively. The observed strong peaks at 1,179, 1,067, 850, and 578 cm^−1^ are due to C--OH stretching, C--O stretching, C--H in plane bending, and possibly C--H out-of-plane wagging vibrations, respectively.[@b52-ijn-11-6635] Interestingly, after NAM reduction, the stretching vibration of C=O disappeared, and other oxygen-containing functional groups in GO were significantly decreased due to the deoxygenation process ([Figure 1C](#f1-ijn-11-6635){ref-type="fig"}, bottom panel).[@b30-ijn-11-6635],[@b53-ijn-11-6635]

The size of nanoparticles is an important aspect in nanoparticle toxicity studies. Therefore, we measured the size of GO and NAM-rGO in aqueous dispersions using dynamic light scattering at the scattering angle θ =90°. The size of GO ([Figure 1D](#f1-ijn-11-6635){ref-type="fig"}, left panel) and NAM-rGO ([Figure 1D](#f1-ijn-11-6635){ref-type="fig"}, right panel) was 100 and 120 nm, respectively. NAM-rGO shows a slight increase in size. The surface morphology of GO and NAM-rGO was assessed using scattering electron microscopy (SEM). [Figure 1E](#f1-ijn-11-6635){ref-type="fig"} shows the SEM images of GO and NAM-rGO. GO presented a flaky texture with a relatively large surface area, and their morphology resembled a thin curtain, which suggests the significant exfoliation of graphite during the oxidation process. NAM-rGO showed a relatively wavy, silver-line, leaf-like structure, and a wrinkled and closed surface morphology, indicating that rGO flakes overlapped rather than aggregated.

Raman spectroscopy is a noninvasive technique used for characterizing crystal structure and defects in graphene-based materials.[@b53-ijn-11-6635],[@b54-ijn-11-6635] [Figure 1F](#f1-ijn-11-6635){ref-type="fig"} shows the Raman spectra of GO and rGO. The D peak at 1,363 cm^−1^ was for GO and at 1,342 cm^−1^ was for rGO, which was streamed from a defect-induced breathing mode of sp[@b2-ijn-11-6635] rings, and the G peak at about 1,612 cm^−1^ was for GO and that at 1,583 cm^−1^ was for NAM-rGO, which resulted from the first-order scattering of the E2g phonon of sp[@b2-ijn-11-6635] C atoms.[@b53-ijn-11-6635],[@b54-ijn-11-6635] The D/G intensity ratio for rGO is larger than that for GO (1.74 for rGO and 1.01 for GO). This suggests that new (or more) graphitic domains are formed and the sp[@b2-ijn-11-6635] cluster number is increased.[@b28-ijn-11-6635] Raman spectrum of the NAM-rGO film showed an increased ratio of D over G band (ID/IG) compared to that of GO (ID/IG) and the appearance of a new two-dimensional band at 2,700 cm^−1^. This change clearly indicates that the reduction of GO by a biological molecule resulted in a large number of new graphitic domains of smaller dimensions. Moreover, the peak intensities and shift of the D and G bands of NAM-rGO were attributed to the surface-enhanced Raman scattering of rGO.

Effect of NAM-rGO on cell viability, proliferation, and morphology
------------------------------------------------------------------

The biocompatibility effect of NAM-rGO was evaluated by assessing the viability and proliferation potential of MEFs using WST-8 and trypan blue exclusion assays, respectively. The results suggest that there was a significant reduction in mitochondrial function when the cells were treated with GO, whereas NAM-rGO significantly enhanced the effect on cell viability up to 20 μg/mL ([Figure 2A](#f2-ijn-11-6635){ref-type="fig"}). The cells treated with GO showed a dose-dependent loss of cell viability, whereas NAM-rGO was more biocompatible in nature. Next, we examined whether a lower concentration of NAM-rGO had a significant effect on proliferation or not. Interestingly, when the cells were treated with 10 μg/mL of NAM-rGO, there was no significant loss in cell number; instead, at lower concentrations, NAM-rGO treatment resulted in an increase in the cell number ([Figure 2B](#f2-ijn-11-6635){ref-type="fig"}). To confirm the cell viability and proliferation data, we determined the effect of GO and NAM-rGO treatments on cell morphology. NAM-rGO did not affect the cell morphology when compared with GO ([Figure 2C](#f2-ijn-11-6635){ref-type="fig"}).

Cytotoxicity of NAM-rGO in MEFs
-------------------------------

Cytotoxicity assays such as LDH leakage and ROS generation are frequently used to detect early cytotoxic events. Cytotoxicity has been observed when cells were incubated with different concentrations of GO ([Figure 3A](#f3-ijn-11-6635){ref-type="fig"}). No cytotoxicity was observed when cells were treated with different concentrations of NAM-rGO ([Figure 3B](#f3-ijn-11-6635){ref-type="fig"}). LDH leakage was notable even after exposure of MEFs cells to 20 μg/mL GO. Lower concentrations of GO were enough to induce this effect when the cells were incubated for 24 hours. In contrast, no apparent cytotoxicity was observed when the cells were incubated with NAM-rGO at similar concentrations and for similar periods. Finkel and Holbrook[@b55-ijn-11-6635] reported that ROS was involved in the regulation of various cellular events such as cell growth and cell signaling. GO and rGO induced intracellular ROS production, which implicated it as a mediator of cytotoxicity in cancer cells.[@b56-ijn-11-6635] To investigate the effect of NAM-rGO on intracellular ROS generation in MEFs cells, we measured the intracellular ROS levels after GO and NAM-rGO exposure. GO treatment led to a significant increase in intracellular ROS generation in a dose-dependent manner compared with that in the control groups. Conversely, NAM-rGO had no significant effect on ROS levels ([Figure 3B](#f3-ijn-11-6635){ref-type="fig"}).

Effect of NAM-rGO on mitochondrial dysfunction
----------------------------------------------

Mitochondria are not only the source of energy but also the source of signals that initiate apoptotic cell death; it also is a center of cell metabolism and energy transformation, and so malfunction of mitochondria decreases cell viability.[@b57-ijn-11-6635]--[@b59-ijn-11-6635] A decrease in MMP is a cause for apoptosis. A decrease in MMP leads to matrix condensation and exposure of cytochrome c, which plays an important role in cytochrome c-mediated apoptotic cell death.[@b58-ijn-11-6635] Therefore, we examined the effect of NAM-rGO on MMP. Interestingly, NAM-rGO had no significant effect on MMP, whereas GO had a rapid depolarization effect, which was the initial event for apoptosis. These results suggest that NAM could abrogate the effect of GO on the MMP (ΔΨm), which was an early event in GO-induced apoptosis. GO-treated cells showed a JC-1 green/red fluorescence intensity ratio higher than that of control cells. In contrast, NAM-rGO had no effect on the depolarization of the mitochondrial membrane in MEFs ([Figure 4A](#f4-ijn-11-6635){ref-type="fig"}).

Caspase-3 is mainly associated with the mitochondrial pathway. To evaluate the biocompatibility of NAM-rGO, cells were treated with GO and NAM-rGO (10 μg/mL). Interestingly, NAM-rGO had no direct effect on caspase-3 activity, whereas a known inhibitor of caspase-3, Ac-VAD-CMK, a positive control, completely blocked caspase 3 activity ([Figure 4B](#f4-ijn-11-6635){ref-type="fig"}). GO had a significant effect on caspase-3 activity. These results are in-line with those of previous studies performed on ovarian cancer cells using toxic concentrations.[@b30-ijn-11-6635] Similar to other rGO that was produced using microbial biomass, spinach leaf extract, and EGFP, NAM-rGO was considerably biocompatible in the 10--50 μg/mL concentration range.[@b16-ijn-11-6635],[@b26-ijn-11-6635],[@b29-ijn-11-6635]

Effect of NAM-rGO on expression of genes encoding proteins involved in tight junctions and the cytoskeleton
-----------------------------------------------------------------------------------------------------------

To assess the influence of NAM-rGO on tight junctions and cytoskeleton expression, we examined the expression of genes encoding for zonula occludens (ZO) protein-1 (*Tjp1*) and *Cldn3*, which is a membrane-associated component of both tight and adherent junctions detected at sites of cell--cell contact. These genes are expressed in epithelia and endothelia and form paracellular barriers and pores that determine tight junction permeability.[@b60-ijn-11-6635],[@b61-ijn-11-6635] Furthermore, we examined genes encoding for cytoskeleton proteins such as ACTB (*Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b*). Interestingly, NAM-rGO increased the gene levels of the tight junction proteins (TJPs) Tjp1 and Cldn3; however, no significant change was observed for *Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b* mRNA levels compared to that in the control. Surprisingly, a significant reduction was observed in the expression levels of *Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b* in GO-treated cells ([Figure 5](#f5-ijn-11-6635){ref-type="fig"}). These results suggest that GO affected the expression of cytoskeleton proteins, resulting in the induction of apoptosis. These results may be associated with the biocompatibility of NAM-rGO rather than with apoptosis.

Effect of NAM-rGO on expression and activity of ALP
---------------------------------------------------

In stem cell biology, the measurement of expression of ALP is important. ALP, a marker for differentiation, seems to be a key player of the early-stage differentiation of bone marrow stromal cells, and the expression of ALP is gradually decreased when the cells are subjected to the differentiation process.[@b6-ijn-11-6635] To corroborate the results from cell viability and proliferation, we measured the expression of ALP using RT-PCR. [Figure 6A](#f6-ijn-11-6635){ref-type="fig"} shows the expression of mRNA level of ALP in MEFs treated with GO and NAM-rGO for 5 days. It was clear from these results that low- and high-level expression was associated with GO and NAM-rGO effects, respectively. The expression of ALP appeared to be influenced by NAM-rGO in a positive manner. We observed that the ALP mRNA level was clearly induced by the NAM-rGO compared to that in control. The expression level of ALP was increased in a time-dependent manner. This indicates the ALP mRNA level, which was stimulated by NAM-rGO.

To establish the direct relationship between mRNA level and protein, we measured the specific activity of ALP in cells treated with GO or NAM-rGO for 5 days. Cells treated with GO showed significantly lower ALP activity than that in control as well as in NAM-rGO-treated cells ([Figure 6B](#f6-ijn-11-6635){ref-type="fig"}), which indicated that NAM-rGO was significantly biocompatible. The results were consistent with functional relationship between gene expression and protein. These data suggest the biocompatible nature of NAM-rGO.

Discussion
==========

Graphene and graphene-related materials offer numerous applications in biotechnology and biomedical engineering. Graphene could be considered a wonder material due to its excellent properties compared to those of conventional nanomaterials. However, the mechanistic effects of biologically synthesized graphene in MEFs remain elusive. Therefore, we designed a simple, environment-friendly, fast, cost-effective, and biocompatible method for the synthesis of highly soluble graphene using a novel biomolecule, NAM, and examined the functional properties of graphene in MEFs. To achieve our goal, the synthesized graphene materials were characterized using various analytical techniques such as UV--vis, XRD, FTIR, dynamic light scattering, SEM, and Raman spectroscopy. The synthesized graphene presented characteristic features similar to those of chemically synthesized graphene. For instance, the UV--vis spectrum showed the characteristic red shift at 260 nm. XRD revealed the close *d*-spacing of NAM-rGO to pristine graphite and disappearance of the peak at 2θ =11.7°, indicating that the oxygen-containing group of GO was efficiently removed during the synthesis of rGO using proteins.[@b24-ijn-11-6635],[@b29-ijn-11-6635] FTIR spectra indicated that a variety of the oxygen-containing functional groups were significantly removed from the GO via biological reduction.[@b26-ijn-11-6635],[@b62-ijn-11-6635],[@b63-ijn-11-6635] The electronic properties of chemically converted materials seemed to be low due to residual defects.[@b62-ijn-11-6635] Furthermore, the major advantage of NAM-rGO was its size, which was about 100 nm. The quantum confinement effect was observed with graphene quantum dots of ≤100 nm.[@b64-ijn-11-6635] The quantum confinement is observed when the particle is too small to be comparable to the wavelength of electron. Therefore, when compared to bulk materials, the reduced size of graphene nanomaterials might have the significant quantum confinement effect, which can be used in all-graphene electronically coherent devices. The data from Raman spectroscopy suggested that the formation of defects supported the biofunctionalization of graphene as reported earlier using Baker's yeast, humanin, EGFP, and resveratrol.[@b24-ijn-11-6635],[@b29-ijn-11-6635],[@b30-ijn-11-6635],[@b63-ijn-11-6635]

The results from cell viability and proliferation assays indicated that the biologically prepared NAM-rGO showed excellent biocompatibility, which was in-line with a previous study reported by Ryoo et al,[@b65-ijn-11-6635] who showed that graphene and carbon nanotubes exhibited a biocompatible effect. As reported earlier, the toxicity or biocompatibility of graphene and graphene derivatives depended on the concentration, dose, solubility, and physical and chemical properties of the compound[@b16-ijn-11-6635],[@b44-ijn-11-6635],[@b66-ijn-11-6635] in both prokaryotes and eukaryotes. Toxicity has been exploited for various biomedical applications such as antibacterial, antiviral, and anticancer effects, drug delivery, and diagnosis. Biocompatibility effects have been exploited for tissue engineering. The behavior of the cells not only depend on physicochemical parameters like wettability and surface-free energy but also on surface roughness.[@b67-ijn-11-6635]

Cytotoxicity assays were performed to assess the toxicity of the synthetized compounds and for the general screening of nanomaterials. LDH and ROS generation confirmed the toxic potential of GO and the biocompatibility of NAM-rGO in MEFs. Several studies reported that both GO and rGO could induce the generation of ROS.[@b30-ijn-11-6635],[@b31-ijn-11-6635],[@b68-ijn-11-6635],[@b69-ijn-11-6635] ROS is involved in various signaling pathways including proliferation, metabolic regulation, promoting survival and cell death, the activation of the antioxidant response, the control of iron metabolism, and Ca(2^+^) signaling.[@b68-ijn-11-6635] Sublethal concentrations of ROS have been involved in the regulation of gene expression, cell growth, and cell differentiation.[@b70-ijn-11-6635],[@b71-ijn-11-6635] NAM-rGO induced the generation of ROS at sublethal levels, which could be involved in promoting cell survival. Liao et al[@b37-ijn-11-6635] reported that a stronger hemolytic activity was observed in GO-treated red blood cells than aggregated graphene sheets, whereas compacted graphene sheets were more damaging to mammalian fibroblasts than less densely packed GO. Another study indicated that lower doses (0.5--31.3 ppm) of graphene had no effect on multiple end points such as metabolic activity, LDH leakage, and ROS production in neuronal cells (PC12).[@b72-ijn-11-6635] Taken together, the end points of all cytotoxicity assays showed that NAM-rGO up to 50 μg/mL had no harmful effect on cells.

The release of cytochrome c from the mitochondrial intermembrane space induces the assembly of the apoptosome, which in turn activates the downstream caspases.[@b73-ijn-11-6635]--[@b75-ijn-11-6635] Graphene nanoparticles can induce the dissipation of the MMP, which subsequently increases the generation of intracellular ROS and eventually triggers apoptosis by activating the mitochondrial pathway.[@b76-ijn-11-6635],[@b77-ijn-11-6635] The biocompatible effect of NAM-rGO, which could be associated with its pro-oxidant activity, is responsible for its inhibitory effect on apoptosis by creating a nonpermissive intracellular milieu for caspase activation. Similarly, caspase 3 activation and apoptosis induced by serum deprivation was protected by resveratrol in primary MEFs.[@b78-ijn-11-6635]

TJPs serve as a barrier to the diffusion of water and solutes through the paracellular pathway by sealing the intercellular space in epithelial cells.[@b60-ijn-11-6635],[@b61-ijn-11-6635] Our findings indicated that the upregulation of *Tjp1* and *Cldn3* mRNA by NAM-rGO in MEFs cells may be required for the formation of tight junctions by epithelial cells during normal cell maintenance. It could also play an important role in the differentiation of epithelial cells. Ko et al[@b79-ijn-11-6635] reported that upregulation of ZO-1, occludin, and claudin mRNA expression in human corneal fibroblasts was involved in normal cell maintenance and differentiation. It could also favor the healing of corneal epithelial wounds. Previous studies demonstrated that low concentrations of silver nanoparticles rescued vascular endothelial growth factor and advanced glycation end-products induced vascular permeability through upregulation of ZO-1 and occludin[@b80-ijn-11-6635],[@b81-ijn-11-6635] in porcine retinal endothelial cells. Our data are consistent with previous reports demonstrating that tight junction is important for proper cell function, which can be maintained by the treatment of cells with NAM-rGO.

Cytoskeleton proteins are involved in cell viability, motility, and migration and play a vital role in most cellular processes. Previous studies demonstrated that *Actg1*−/− MEFs were mildly growth impaired due to reduced cell survival.[@b82-ijn-11-6635] Interestingly, NAM-rGO had no effect on the expression of cytoskeleton genes, whereas GO significantly reduced the expression level of *Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b*. It indicated that GO resulted in a decrease in cell viability due to the downregulation of cytoskeleton genes. Our results are in-line with a previous study demonstrating that a decrease in β-actin gene expression or the absence of β-actin monomers hinders actin cytoskeleton polymerization, which, in turn, results in a decrease in motility, migration, and proliferation of corneal fibroblasts.[@b83-ijn-11-6635] RT-PCR analysis suggests that a decrease in cytoskeleton gene expression by GO in MEFs could be involved in the disruption of the cytoskeletal structure and functions, including a decrease in cell viability, proliferation, and enhanced apoptosis.

To correlate the enhanced level of expression of TJPs such as *TJP1* and *Cldn3* with ALP activity in MEFs, we determined both gene expression and protein expression of ALP in GO- and NAM-rGO-treated cells. We found that the presence of NAM-rGO resulted in significant increases in the expression of ALP and genes encoding for the junctional proteins, *TJP1* and *Cldn3*. These results suggest that NAM-rGO plays an important role in the regulation of junctional protein expression and ALP activity. Consistent with our results, recently, Liu et al[@b84-ijn-11-6635] demonstrated that the absence of IAP results in lower levels of the junctional proteins ZO-1, ZO-2, and Occludin in human colon cancer Caco-2 and T84 cells. However, higher IAP levels in human cells are associated with an increased expression of ZO-1 and ZO-2. These findings suggest that the ALP and TJPs might be working together. Downregulation of TJP is associated with many diseases.[@b85-ijn-11-6635] Therefore, maintaining the structure and integrity of TJP is an important factor for paracellular permeability. Therefore, NAM-rGO can be used as scaffolding material for tissue engineering as well as a regulator for TJP levels to maintain the structure and integrity of the membrane.

Several studies reported that GO prepared from graphite by the oxidation method using chemicals containing many oxygen atoms in the forms of carboxyl groups, epoxy groups, and hydroxyl groups[@b86-ijn-11-6635] induced toxicity in various types of cancer cells[@b5-ijn-11-6635],[@b30-ijn-11-6635] and fibroblasts.[@b16-ijn-11-6635] In contrast, the biocompatibility effect of NAM-rGO was enhanced due to the lack of oxides or other functional groups. Our studies are consistent with previous reports demonstrating that biopolymer-functionalized rGO exhibits an ultralow hemoly-sis ratio and significant cytocompatibility in human umbilical vein endothelial cells, even at a high concentration of 100 μg/mL.[@b29-ijn-11-6635],[@b41-ijn-11-6635] Altogether, these data suggest that graphene can be intrinsically nontoxic, with its toxicity potential only appearing after chemical treatment or increased concentration, incubation time, or size. Besides these factors, surface functionalization is an alternative and suitable approach to improve the biocompatibility of nanomaterials for safer biomedical applications.[@b87-ijn-11-6635] In addition, surface chemistry, surface energy, and hydrophobicity are the major factors controlling the biocompatibility.[@b88-ijn-11-6635] A recent study suggested that smaller particle size and higher oxidation improved the biocompatibility of graphene-based materials.[@b89-ijn-11-6635]

Conclusion
==========

We described a simple, easy, green, and biocompatible method for the preparation of smaller size of graphene using a novel biomolecule called NAM. The resulting product (NAM-rGO) shows significant deoxygenation by NAM. NAM-rGO shows significant biocompatibility behavior with MEFs. The cells treated with NAM-rGO have a positive effect on cell viability and proliferation, whereas there is no significant effect on cytotoxicity and mitochondrial dysfunction. Interestingly, NAM-rGO enhanced the expression of genes responsible for TJPs and a differentiation marker called ALP. We conclude that the smaller size of graphene is not only an alternative biocompatibility agent to maintain cell viability and proliferation but that it can also be used to maintain the structure and integrity of TJPs, which play an important role in paracellular permeability. These data provide a strong foundation to develop NAM-rGO as a novel therapy to maintain barrier function. Therefore, NAM-functionalized graphene may represent a safer and excellent biocompatible nanomaterial for future biomedical applications; particularly it can be used as the next scaffolding agent for tissue engineering. However, further studies are required to explain the molecular mechanisms of biocompatibility of NAM-rGO, which would allow not only establishing the biocompatible effect but would also facilitate their proper use in biomedical applications.
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###### 

Synthesis and characterization of GO and NAM-rGO.

**Notes:** (**A**) UV--vis spectra of GO and NAM-rGO, showing the restoration of electronic conjugation in the NAM-rGO. (**B**) XRD pattern of GO and NAM-rGO. (**C**) FTIR spectra of GO and NAM-rGO. (**D**) Size distribution of GO and NAM-rGO. (**E**) SEM images of GO and NAM-rGO. (**F**) Raman spectroscopy images of GO and NAM-rGO. At least three independent experiments were performed for each sample and reproducible results were obtained. The results of a representative experiment are presented.

**Abbreviations:** GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide; XRD, X-ray powder diffraction; FTIR, Fourier transform infrared spectroscopy; SEM, scattering electron microscopy; UV--vis, ultra violet-visible.
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![Effects of GO and NAM-rGO on cell viability, proliferation, and cell morphology.\
**Notes:** (**A**) The viability of MEFs was determined after 24 hours of exposure to different concentrations of GO and NAM-rGO (10--50 μg/mL) using the WST-8 assay. The results are expressed as the mean ± standard deviation of three independent experiments. A significant difference was observed between control and GO-treated cells. The viability of treated cells was compared to that of the untreated cells using Student's *t*-test (\**P*\<0.05). (**B**) Proliferation of PMEF cells were determined by trypan blue assay after 24 hours of exposure to 10 μg/mL of GO or NAM-rGO. A significant difference was observed between control and NAM-rGO. (**C**) Phase contrast microscopy data showing the morphological appearance of MEFs after treatment with 10 μg/mL GO and NAM-rGO for 24 hours. Scale bars in left panel, 40×. The right panel (scale bars, 200×) shows the magnified images of the respective boxes in the left panel. The viability of treated cells was compared to that of the untreated cells using Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide.](ijn-11-6635Fig2){#f2-ijn-11-6635}

![Cytotoxicity effects of GO and NAM-rGO on MEFs.\
**Notes:** (**A**) MEFs were treated with different concentrations of GO and NAM-rGO (10--50 μg/mL) for 24 hours and then LDH and (**B**) ROS were measured. The results are expressed as the mean ± standard deviation of three independent experiments. There was a significant difference in the LDH activity and ROS generation of GO-treated cells compared to that of the untreated cells as assessed using Student's *t*-test (\**P*\<0.05). There was no significant difference between control and NAM-rGO-treated cells.\
**Abbreviations:** GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide; ROS, reactive oxygen species; MEF, mouse embryonic fibroblast cells; LDH, lactate dehydrogenase.](ijn-11-6635Fig3){#f3-ijn-11-6635}

![Effects of GO and NAM-rGO on mitochondrial membrane permeability and caspase-3 activity.\
**Notes:** (**A**) MEFs were treated with different concentrations (10--50 μg/mL) of GO and NAM-rGO for 24 hours. MMP (ratio of JC-1 monomer/aggregate) was determined after treatment. There was a significant difference in the MMP activity of GO-treated cells compared to that of untreated cells (Student's *t*-test; \**P*\<0.05). There was no significant difference between control and NAM-rGO-treated cells. (**B**) MEFs were treated with 10 μg/mL of GO and NAM-rGO with or without caspase-3 inhibitor for 24 hours. There was a significant difference in the caspase-3 activity of GO-treated cells compared to that of the untreated cells (Student's *t*-test; \**P*\<0.05). There was no significant difference between control and NAM-rGO-treated cells.\
**Abbreviations:** Con, control; GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide; MMP, mitochondrial membrane permeability; MEFs, mouse embryonic fibroblast cells.](ijn-11-6635Fig4){#f4-ijn-11-6635}

![Effects of GO and NAM-rGO on mRNA expression of various genes encoding tight junction and cytoskeleton proteins.\
**Notes:** MEFs were treated with 10 μg/mL of GO and NAM-rGO for 24 hours. There was a significant difference in the expression of *Tjp1* and *Cldn3* in NAM-rGO-treated cells compared to that in the untreated cells (Student's *t*-test; \**P*\<0.05). There was no significant difference between control and GO-treated cells. There was a significant difference in the *Actr2*, *Actr3*, *Tuba1a*, and *Tuba1b* expression in GO-treated cells compared to that of the untreated cells (Student's *t*-test; \**P*\<0.05). There was no significant difference between control and NAM-rGO-treated cells.\
**Abbreviations:** GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide; MEFs, mouse embryonic fibroblast cells.](ijn-11-6635Fig5){#f5-ijn-11-6635}

![Effects of GO and NAM-rGO on mRNA and protein expression of ALP.\
**Notes:** (**A**) MEFs were treated with 10 μg/mL of GO and NAM-rGO for 5 days. There was a significant difference in the expression of ALP in NAM-rGO-treated cells compared to that in the untreated cells (Student's *t*-test; \**P*\<0.05). (**B**) MEFs were treated with 10 μg/mL of GO and NAM-rGO for 5 days. There was a significant difference in the expression of ALP in NAM-rGO-treated cells compared to that in the untreated cells (Student's *t*-test; \**P*\<0.05).\
**Abbreviations:** GO, graphene oxide; NAM-rGO, nicotinamide-reduced graphene oxide; MEFs, mouse embryonic fibroblast cells; ALP, alkaline phosphatase.](ijn-11-6635Fig6){#f6-ijn-11-6635}
